In Drosophila males, homologous chromosomes segregate by an unusual process involving physical connections not dependent on recombination. We have identified two meiotic proteins specifically required for this process. Stromalin in Meiosis (SNM) is a divergent member of the SCC3/SA/STAG family of cohesin proteins, and Modifier of Mdg4 in Meiosis (MNM) is one of many BTB-domain proteins expressed from the mod(mdg4) locus. SNM and MNM colocalize along with a repetitive rDNA sequence known to function as an X-Y pairing site to nucleolar foci during meiotic prophase and to a compact structure associated with the X-Y bivalent during prometaphase I and metaphase I. Additionally, MNM localizes to autosomal foci throughout meiosis I. These proteins are mutually dependent for their colocalization, and at least MNM requires the function of teflon, another meiotic gene. SNM and MNM do not colocalize with SMC1, suggesting that the homolog conjunction mechanism is independent of cohesin.
Introduction
Accurate segregation of chromosomes during meiosis is an obligate step in sexual reproduction. Errors in meiotic segregation, such as nondisjunction (NDJ) or chromosome loss, are major causes of spontaneous abortion, genetic illness, and infertility in humans (Hassold and Hunt, 2001 ).
Homologs segregate from one another at the first meiotic division via a multistep pathway that initiates with their alignment and close pairing (Roeder, 1997; Page and Hawley, 2003; McKee, 2004) . In most organisms, intimate pairing is accompanied by high frequencies of homologous recombination and stabilized *Correspondence: bdmckee@utk.edu by a complex structure known as synaptonemal complex (SC) (Heyting, 1996) . However, intimate homolog pairing is lost and the SC is disassembled at midprophase I long before homologs segregate. From then until segregation at anaphase I (Ana I), homologs are connected at discrete sites called chiasmata, which mark the sites where two homologous chromatids have crossed over (Carpenter, 1994) . Chiasmata function as homolog connectors only because each recombined chromatid is connected by cohesins to two different sisters, one from each homolog (Petronczki et al., 2003) .
Homolog pairing is a virtually universal feature of meiosis, but crossing over, synapsis, and chiasmata are not. Alternative meiotic pathways that accomplish homolog segregation without crossing over or chiasmata have been described in numerous organisms, including some large taxonomic groups such as Lepidopteran females and Dipteran males (Wolf, 1994) . Bombyx mori females undergo synapsis normally, but instead of disassembling at midprophase, the SC undergoes a modification that permits it to remain associated with the bivalents until Ana I (Rasmussen, 1977) , presumably functioning as a substitute for chiasmata.
However, in the best-documented example of "achiasmate" meiosis, that of Drosophila males, no SC is formed (Meyer, 1960 ) and the mechanical basis for homolog segregation is unknown. Prior to the meiotic divisions, spermatocytes undergo a lengthy G2/prophase I during which they increase 25-fold in volume. The chromosomes are uncondensed through this period and lack visible axes or other distinctive morphological features. However, three distinct chromatin masses, presumably corresponding to the three major bivalents (X-Y, 2 nd , and 3 rd ), are apparent by mid-G2 and form distinct territories associated with the inside of the nuclear membrane G2 throughout late G2 (Cenci et al., 1994) . Recently, GFP-LacI tagging of chromosomally inserted lacO arrays revealed that homologous loci within the euchromatin are tightly paired throughout early G2 but that intimate pairing is lost in mid-G2 shortly after the chromosome pairs resolve into separate nuclear domains (Vazquez et al., 2002) .
Distinct chromosomes appear only at the onset of condensation just prior to prometaphase I (PM I). In DAPI-stained preparations, they appear as compact masses in which neither the individual homologs nor any obvious connecting structures can be discriminated. In more disruptive acetic orcein squash protocols, the X and Y are sometimes pulled apart and can be seen to be connected by thread-like structures (of unknown composition) joining heterochromatic sites known as "collochores" near or within the nucleolus organizers (NORs), where the repeated genes for the 18S and 28S rRNAs are located (Cooper, 1950) . We will use the term "conjunction" to refer to the physical connections between homologs that are visible in conventional cytological preparations at late prophase I and metaphase I (Meta I) and reserve the term "pairing" for the intimate association of homologous sequences revealed by the GFP-LacI or other molecular assays.
Genetic analysis has directly implicated a 240 bp repeated sequence within the intergenic spacers of the rRNA genes as a specialized cis-acting X-Y pairing site. Deletions encompassing the entire X chromosome NOR disrupt X-Y pairing and cause random X-Y segregation; but transgenes containing either complete rDNA repeats or just arrays of 240 bp spacer repeats partially restore X-Y pairing and segregation when inserted on the heterochromatically deleted X (McKee, 2004).
The genes responsible for this process are evidently distinct from those required for recombination, synapsis, and "distributive segregation" in female meiosis, as mutations in a substantial number of those genes have been found to have no effect on chromosome segregation in male meiosis (McKee, 2004) . Recently, mutations in a male-specific 2 nd chromosome gene, teflon (tef), that cause nondisjunction of autosomes but not the X-Y pair were described (Tomkiel et al., 2001). These mutations cause premature dissociation of homologs, leading to their random assortment at Ana I. Here we describe mutations in two 3 rd chromosome genes that, like tef mutants, cause premature dissociation of bivalents but affect the X-Y pair as well as the autosomes. These mutations disrupt two proteins that colocalize on chromosomes throughout meiosis I until their removal at Ana I and that are required for stable conjunction of all chromosome pairs in male meiosis. (Tables S1 and S2 ). To gain insight into the origin of the NDJ revealed by the genetic data, we utilized immunofluorescence microscopy to analyze meiosis in snm and mnm mutants, focusing on two strong alleles of snm (Z3-0317 and Z3-2138) and the two mnm alleles (Z3-5578 and Z3-3298), all of which appear to be genetically null alleles (Tables S1 and S2) .
Results

Mutations in Two Genes
Although chromosome and spindle morphology appeared largely normal in snm and mnm spermatocytes, meiosis I chromosome segregation was clearly aberrant ( Figure 1A ). Ana I appeared chaotic in mutant spermatocytes, with chromosomes distributed unevenly and asymmetrically along the spindle early in Ana I and with high frequencies of laggards at late Ana I. Most (>70%) late Ana I or telophase I cells exhibited polar chromatin masses of unequal size, indicating high frequencies of meiosis I NDJ ( Figures 1A and 1B ). By contrast, unequal poles were rare at anaphase II or telophase II, and most metaphase II and anaphase II figures were normal ( Figure 1B) , confirming the genetic evidence that NDJ in both groups of mutants is limited largely to meiosis I.
Inspection of earlier stages revealed the likely cause of chaotic meiosis I segregation in snm and mnm mutants: the presence of unpaired chromosomes at PM I and Meta I ( Figure 1A) . In wild-type males, the chromosomes condense just prior to PM I to form three large, well-separated, DAPI-positive masses arrayed around the periphery of the nucleus, corresponding to the X-Y pair and the two large autosomal pairs (chromosomes 2 and 3), and a much smaller mass, corresponding to the fourth chromosome pair, which is inconsistently visible at this stage. After nuclear membrane breakdown, the bivalents congress to form a single mass centrally positioned on the Meta I spindle (Cenci et al., 1994) . In snm and mnm spermatocytes, up to eight distinct clumps were visible at PM I and Meta I. In many Meta I cells, a central mass was completely absent and multiple clumps were distributed along the polar axis. Nuclei with greater than eight clumps were never observed, indicating that the clumps represent bivalents and univalents, not single chromatids or chromosome fragments, consistent with a primary defect in formation or maintenance of bivalents.
The genetic and cytological data taken together indicate that the primary meiotic defect in both mnm and snm mutants is a failure to form or maintain bivalents, leading to high frequencies of univalents at Meta I and random assortment of homologs at Ana I. These data indicate that in snm and mnm mutant males as well as in wild-type controls, homologs are already paired at high frequencies in premeiotic mitosis and that a further enhancement of homolog pairing frequencies accompanies the transition to meiosis. We conclude that bivalent instability in mnm and snm mutants is not due to failure of premeiotic or meiotic pairing of sister chromatids or homologs and that SNM and MNM must function at a step in the homolog segregation pathway specific for conjunction of homologs.
PreMeiotic and Meiotic Homolog
In wild-type spermatocytes, pairing of sister and homologous sequences is lost simultaneously in mid-G2/ prophase I, roughly coincident with the establishment of chromosome territories, and four distinct spots are visible throughout the remainder of meiosis I ( Figure  2C ; Vazquez et al., 2002). Both territory formation and loss of pairing occurred on schedule in mnm and snm mutants. However, whereas the separated GFP spots in wild-type remained confined to a single territorial domain throughout late G2, territorial restrictions were relaxed in both the snm and mnm spermatocytes, as reflected in significantly elevated average distances among allelic GFP-LacI spots in the mutants versus wild-type ( Figures 2C and 2D ). These measurements indicate that homologous loci wander farther from one another in snm and mnm mutants during late G2 than in wild-type. Moreover, DAPI-stained territories appeared unusually diffuse and lacking in definition in some, though not all, late G2 spermatocytes in both snm and mnm mutants ( Figure 2C ). This "territory expansion" phenotype is the earliest phenotype we have observed in mnm and snm mutants. 4C and 4D) . Autosomal Staining MNM-GFP foci were also observed within autosomal chromatin in [hs::MNM-GFP] males throughout G2 and during PM I ( Figure 5A ). Autosomal MNM-GFP foci were smaller and fainter than nucleolar foci but nevertheless easily discernible above background. In early and midG2 nuclei, the major autosomes often exhibited multiple small foci distributed throughout the territory; nuclei with fewer, larger foci could be seen as well, more commonly in late G2 and PM I. Often these larger foci were present in pairs and located in roughly symmetrical positions within the bivalent, sometimes closely apposed to one another. The fourth chromosome, which is relatively condensed throughout spermatogenesis, nearly always exhibited this two-spot pattern. Like the X-Y dense spot, the autosomal foci were absent at Ana I and all subsequent stages of meiosis (data not shown).
MNM Is a BTB-Domain Protein
We have not succeeded thus far in obtaining consistent autosomal labeling with either anti-SNM antibody, which is surprising in light of the striking similarities between SNM and MNM with respect to meiotic phenotypes and localization patterns. However, the robust anti-ModC common region antibody also fails to detect autosomal foci at PM I, suggesting that accessibility of antibodies to autosomal foci of SNM and MNM is a general problem. For this and another reason discussed below, we think the absence of autosomal staining by anti-SNM antibodies is a technical artifact and not reflective of the true localization pattern of SNM.
SNM and MNM Depend on Each Other and on TEFLON for Chromosome Localization
In light of the robust colocalization of SNM and MNM on the sex chromosomes and the virtually identical meiotic phenotypes of snm and mnm mutants, we wondered whether localization of one of the proteins would depend upon presence of the other. To test for dependence of MNM localization on presence of SNM, we monitored the GFP fluorescence pattern in snm males expressing MNM-GFP ( Figure 5B) . No fluorescence was observed in spermatocytes at any stage in snm mutant males, although sibling snm/+ control flies exhibited prominent staining of the nucleolus and the chromosomes ( Figure 5A ). Native MNM protein (detected by anti-ModC) also fails to localize to condensed meiotic chromosomes in snm mutants (data not shown). To test for dependence of SNM localization on MNM, we stained spermatocytes from mnm males with anti-SNM antibodies. SNM protein was present in the nucle- olus during G2 in mnm mutants, indicating that localization of SNM to the nucleolus is independent of MNM ( Figure 6A ). However, staining of the X-Y bivalent at PM I and Meta I with anti-SNM was completely absent in mnm spermatocytes (Figure 6B ), indicating that SNM cannot maintain its association with the X and Y chromosomes after the nucleolus dissolves and the chromosomes begin condensing at the G2-M transition. Taken together, these data indicate that with respect to nucleolar localization, SNM is independent of MNM but MNM depends upon SNM, whereas with respect to localization to the X-Y bivalent, the two proteins are codependent.
An additional implication of these data is that SNM must associate with autosomal pairing sites, at least long enough to recruit MNM, supporting the argument that the failure to detect SNM on autosomes thus far is a technical artifact. While in principle its autosomal association could be transient, functioning only to recruit MNM, the strong codependence of the two proteins on the X-Y bivalent argues against such a transient association, instead favoring their continuous colocalization until Ana I.
Mutations in teflon cause phenotypes very similar to those of snm and mnm mutations, except that the X-Y bivalent remains intact and segregates normally in tef males (Tomkiel et al., 2001 ). To determine whether tef mutations affect localization of MNM and/or SNM, we assessed the pattern of GFP fluorescence in tef males carrying [hs::MNM-GFP] and also stained spermatocytes from tef males with anti-SNM. Nucleolar foci of MNM-GFP were present during G2, albeit at somewhat lower intensity than in wild-type, and the X-Y bivalent stained normally with both SNM and MNM at PM I (Figures 5B and 6B) . However, tef spermatocytes exhibited no detectable MNM-GFP fluorescence associated with the autosomes at any stage, whereas their tef/+ brothers exhibited clear autosomal GFP foci throughout G2 and at PM I ( Figure 5B ). This suggests that the disruption of autosomal bivalents in tef spermatocytes may be due to the failure to recruit MNM (and, perhaps, SNM) to autosomal pairing sites. It also suggests that (Petronczki et al., 2003) . These data indicate that the antibody is specific for the SMC1 subunit of cohesin.
In spermatogonia and early G2 spermatocytes from wild-type males expressing a GFP-tagged version of the centromere-specific CID protein (Ahmad and Henikoff, 2001), most anti-SMC1 staining was concentrated in one region of the nucleus and colocalized with the DAPI-bright spot representing the condensed heterochromatin ( Figure 7C) . Interestingly, CID-GFP spots did not overlap SMC1 spots but were instead immediately adjacent to them, indicating that the bulk of SMC1 is on pericentromeric heterochromatin rather than the centromeres themselves. In addition, we detected no SMC1 signal in the nucleolus in spermatocytes of any stage.
To determine if SMC1 localizes to the X-Y pairing structure during PM I, spermatocytes expressing MNM-GFP were labeled with ant-iSMC1 and anti-GFP. Although both antibodies labeled the X-Y bivalent in all Figure 7D ). The MNM and SMC1 domains often appeared to be immediately adjacent to one another, consistent with localization of SNM and MNM to the rDNA and SMC1 to pericentromeric X heterochromatin. While these images cannot establish that SMC1 is completely absent within the MNM domain, they argue strongly against the idea that the strong SNM and MNM signals on the X-Y bivalent represent a complex that contains comparable amounts of SMC1, as would be expected for a cohesin complex.
PM I nuclei, little or no overlap of their signals was detected (
Discussion
Two Novel Proteins Required for Conjunction and Segregation of Achiasmate Homologs
The mechanisms underlying pairing and segregation of achiasmate homologs in male Drosophila have eluded geneticists for nearly a century largely because, until recently, no genes required for this pathway had been identified. Numerous candidate genes involved in homology-dependent pathways such as DNA repair, meiotic recombination, synapsis, and even distributive disjunction (a female meiosis-specific pathway for segregating achiasmate bivalents) have proven dispensable for homolog segregation in male meiosis, highlighting the uniqueness of this pathway (McKee, 2004) .
However, a screen of the Zuker collection of EMS- Our data suggest that MNM and SNM may localize to the autosomes by a different mechanism than to the X-Y pair. In tef males, MNM-GFP accumulates to reasonably normal levels in the nucleolus during G2 and on the X-Y bivalent during PM I, but we saw no hint of an autosomal MNM-GFP focus at any stage. Thus TEF is required for autosomal recruitment or stabilization of MNM (and perhaps SNM) but not for their recruitment to the X-Y pair. The basis for this difference is unknown. One possibility is that SNM or MNM recognizes and binds to a sequence within the 240 bp repeat DNA or RNA that is not present on autosomes. An alternative is that a nucleolar protein different from TEF is responsible for recruiting SNM and MNM to the sex chromosomes.
The molecular basis for chromosomal localization of SNM and MNM is unknown. The fact that SNM is required for stable nucleolar and chromosome localization of MNM during G2, but not vice versa, might suggest a primary role of SNM in localizing to pairing sites. However, it is unclear whether SNM can actually associate with pairing sites on its own, as opposed to localizing in their vicinity. MNM provides some function essential for stable localization following condensation, a function dependent upon integrity of the zinc-fingerlike C2H2 motif at its C terminus. It will be important to ascertain what this motif interacts with.
How Are Homologs Connected by SNM and MNM?
The identification of SNM and MNM sets the stage for the molecular characterization of the interhomolog bonds they mediate. We considered one model in this study: that homologs are connected by a meiosis-specific cohesin complex involving the SCC3/SA homolog SNM and its partner, MNM. A new antibody against the cohesin protein SMC1 gave robust staining of the heterochromatic domains of meiosis I chromosomes. However, SMC1 staining did not colocalize to a significant degree with MNM within the nucleolus or on the X-Y bivalent, whereas SNM and MNM colocalize at those sites almost perfectly. While we cannot rule out the presence of subthreshold amounts of SMC1 within the SNM-MNM domain on the X-Y bivalent, our data argue against the idea that most of the SNM and MNM proteins on the X-Y bivalent are components of a cohesin complex involving equimolar ratios of cohesin proteins.
An alternative is that SNM and MNM connect homologs directly, perhaps utilizing the BTB domain of MNM. BTB domains are potent dimerization/multimerization domains found in many transcriptional regulatory proteins (Igarashi et al., 1998; Katsani et al., 1999) . Interactions among Mod(mdg4) proteins through these domains is thought to underlie the formation of coalesced "insulator bodies" in somatic nuclei (Gerasimova et al., 2000) . We speculate that interactions of this type among multiple SNM-MNM complexes attached to allelic chromosomal sites might provide a cohesive force sufficient to prevent dissociation of achiasmate homologs. This model is broadly consistent with our cytological observations. MNM localizes during early G2 to multiple dispersed nucleolar and chromosomal foci, but to only one or two larger foci per PM I bivalent. We speculate that this change reflects coalescence of the foci during the G2-M transition, driven by the self-associative potential of the BTB domains of MNM.
Do SNM and MNM Initiate Homolog Conjunction, Maintain It, or Both?
The presence of SNM and MNM on chromosomes until the programmed breakdown of bivalents at the Meta IAna I transition implies that they are required at least for the maintenance of homolog conjunction. SNM and MNM might also participate directly in initiating conjunction as they are present on meiotic chromosomes by the earliest stages of meiotic prophase. However, we do not know when conjunction is initiated or, except for the X-Y pair, where the conjunction sites on chromosomes are located. The fact that individual euchromatic loci are unpaired while still constrained to a chromosome territory in wild-type stimulated Vazquez et al. (2002) to suggest that conjunction occurs only at discrete heterochromatic domains. Our data neither support nor refute this model but add a concrete prediction, i.e., that heterochromatic conjunction during late G2 (which might be detectable by FISH or by the GFPLacI method) should be disrupted by snm and mnm mutations.
Our results also suggest an alternative model: that true conjunction does not occur at all until the onset of chromosome condensation and that instead the homologs are maintained in proximity of one another during late prophase by transient homologous interactions at MNM-SNM foci distributed throughout the euchromatin (and perhaps the heterochromatin as well). This would be consistent with our findings that homologous loci wander farther from each other and that DAPI-stained territories are broader and more diffuse in snm and mnm mutants than in wild-type. Coalescence of the foci within each homologous territory at the G2-M transition would then underlie the conjunction of wild-type homologs.
SNM and the Origin of Dipteran Achiasmy
Our data indicate that SNM originated from an SA-like homolog but lost its ancestral function in cohesion and evolved a novel function in stabilizing achiasmate bivalents not involving other cohesins. The absence of an SNM ortholog in the genome of the Dipteran Anopheles giambiae suggests that SNM originated within the Dipteran lineage, although additional insect sequences will be needed to verify this hypothesis. It will be of considerable interest to date the SA-SNM split as accurately as possible. Anopheles belongs to the Nematocera, the "lower" Dipteran suborder; some members of this suborder, including mosquitoes such as Aedes aegypti, exhibit unmistakable evidence for chiasmate meiosis in both sexes, including well-developed SC in primary spermatocytes (Wandall and Svendsen, 1985). However, males of Drosophila species, which belong to the "higher" Dipteran suborder Brachycera, are all achiasmate and lack SC (Gethmann, 1988; Wolf, 1994) . The duplication that gave rise to snm could have played a major role in the evolution of achiasmy within the Diptera by permitting development of a mechanism for creating stable bonds between achiasmate homologs. 
Experimental Procedures
Fly Stocks and Special Chromosomes
FISH/Immunolocalization Experiments
The 240 bp repeat FISH probe was prepared by PCR amplifying a 5 × 240 repeat array in pBluescript and labeling using FluoresceinHigh Prime (Roche). FISH was carried out by the procedure of Balicky et al. (2002) with a probe concentration of 10 ng/L. Just prior to counterstaining, immunolocalization was performed using the protocol for the SMC1 antibody as described above without the fixation step. Anti-N-terminal SNM was diluted 1:1 and anti-ModC was diluted 1:4000 in PBS. Both antibodies were visualized using Alexa Flour 546 goat anti-rabbit IgG (H+L) diluted 1:500.
GFP Detection in Unfixed Spermatocytes
Testes were dissected from third instar larvae, pupae, or young adults in testes buffer (183 mM KCl, 47 mM NaCl, 10 mM Tris-HCl, 1 mM EDTA, 1 mM PMSF) and gently squashed in testes buffer containing 2 g/ml Hoechst 33342. For GFP-LacI/lacO experiments, distances between GFP foci on the same focal plane and nuclei were measured using Metamorph.
Ovary Immunostaining
Ovaries were dissected, fixed, and stained according to Page and Hawley (2001) . Anti-C(3)G (kindly provided by R.S. Hawley) was diluted 1:200 and was detected using Alexa Flour 488 donkey antimouse IgG (H+L) diluted 1:1000. Anti-SMC1 was diluted to 1:1000 and was detected with Alexa Flour 647 goat anti-rabbit IgG (H+L) diluted 1:1000.
Microscopy
All testis and ovary preparations were examined with an Axioplan (ZEISS) microscope equipped with an HBO 100-W mercury lamp for epifluorescence and with a scientific-grade, cooled, chargecoupled device (CCD; Roper). Grayscale digital images were collected, pseudocolored, and merged using Metamorph Software (Universal Imaging Corporation).
Immunoblot Analysis
Protein extracts were prepared from 0-22 hr y w embryos using Tri Reagent (Sigma), and 15 g of protein was loaded onto a 12.5% acrylamide gel and resolved by SDS-polyacrylamide gel electrophoresis. The blot was incubated with anti-SMC1 diluted 1:100, followed by incubation with HRP-conjugated goat anti-rabbit at a dilution of 1:2000. Bound antibody was visualized using the SuperSignal West Pico Chemiluminescent Substrate system (Pierce). , 2003) . Only unambiguously aligned sites were used for phylogenetic analyses (i.e., alignment gaps and regions flanking gaps were excluded); a resulting alignment containing 36 sequences and 701 amino-acid sites was analyzed using Bayesian likelihood methods. Bayesian analysis was performed using MR BAYES 3.0 (Huelsenbeck and Ronquist, 2001) with a WAG substitution model and eight γ-distributed plus one invariable rate heterogeneity categories; four Markov chains were used (one heated and three cold), and the analysis was run for one million generations with trees sampled every 1,000 generations. From a plot of likelihood scores versus generation, the point of inflection was determined and only trees from that point on with the best posterior probabilities were retained for construction of the consensus tree ( Figure 3E ). Very similar results (differing only at unsupported branches) were obtained using likelihood distance methods with TREEPUZZLE 5.0 (Strimmer and von Haesler, 1996 and data not shown). Alignments are available upon request from the authors.
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